
















A b s t r a c t
This  paper  presents  the  course  and  results  of  a  research  programme  aimed  at  the  determination  of  the 
design  buckling  resistance  of  an  axially  compressed  RHS  column  strengthened  using  two  shorter 
U-sections.  Connections  of  the  tube  and  the  channel  branches  were  fabricated  using  BOM  blind 
fasteners.  Results  of  the  experimental  tests  demonstrated  the  satisfactory  efficiency  of  the  performed 




S t r e s z c z e n i e
W artykule przedstawiono przebieg i wyniki programu badawczego, którego celem było określenie obli-
czeniowej nośności wyboczeniowej ściskanego osiowo pręta o przekroju rurowym prostokątnym, wzmoc-
nionego  za  pomocą  dwóch  krótszych  gałęzi  ceowych.  Połączenia  gałęzi  rurowej  i  ceowych wykonano 
przy użyciu łączników jednostronnych BOM. Wyniki badań wykazały zadowalającą skuteczność wzmoc-







strength parameters. An  extensive  area of  application  for  tubular  sections  are  lightweight 
roof  lattice  girders  (Fig.  1).  If  a  building  changes  its  function  and  the  loads  increase, 
a problematic  issue may be  the  strengthening of  the  tubular bars of  the  truss, e.g. axially 
compressed diagonals made from rectangular hollow section (RHS),  (Fig. 1).  In addition, 
postulates of  sustainable development  in building  require  the  strengthening process  to be 
characterized by low energy expenditure.
Currently,  a  rapid  development  of methods  of  strengthening  tubular  bars  using CFRP 
composites, which are glued to the walls of  the strengthened bar, may be observed [1‒4]. 





an  energy  consuming  process,  does  not  fit  into  the  framework  of  a  sustainable  building. 




These  fasteners  are  therefore  used  mainly  in  the  connections  of  walls  of  thickness  not 
exceeding 3 mm  [9‒13]. Against  this  background,  the  attention may be paid  to  the blind 
fasteners  BOM  (blind,  oversize,  mechanically  locked)  [14]  having  the  shear  resistance 
comparable  to  the bolts of grade 10.9. BOM fasteners are mainly used  in  the automobile 
industry  and  occasionally  in  civil  engineering  (Fig.  2).  The  works  of  Wuwer  [15‒17] 
Fig.  1.  Lattice girders made from closed and open steel sections
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and  Swierczyna  [18‒20]  revealed  that  BOM  fasteners  may  be  used  as  an  alternative  to 
standard bolts  in  the  lap  joints  in  the nodes of  the  lightweight  latticed  frames made  from 
both open and closed steel sections. The tests revealed significant reserves in the strength, 
stiffness and ductility of the studied connections working in the bearing. It should be noted 
that  the bearing action  in connections was not  taken  into account  in existing applications 
of the BOM fasteners.
The  research  performed  by  Wuwer  and  Swierczyna  provided  the  basis  to  initiate 
a research programme aimed at the experimental and analytical study of axially compressed 








of  the  basic  structural  properties  of  the  joints  in working  conditions  similar  to  those  for 
the  connections  of  the  branches  in  the  built-up  bars  (intended  for  research  in  the  second 
stage of the research programme).
The second stage of the programme covered tests of five identical columns in compression, 
composed of  interconnected:  tubular bar and  two shorter  strengthening branches The aim 
of  the  study was  to  determine  the  buckling  resistance  of  the  observed  built-up  bars with 
connections of the branches made using BOM fasteners.







3. Inventory of steel sections and material tests
An  inventory  of  sections  RHS100×60×4  and  U30/60/30×4,  intended  for  installation 
in test elements was performed prior to the experimental tests. Measurements of the cross- 
-sectional geometry of  the RHS revealed for  the webs (side B and C in Fig. 3) both bow 






Ta b l e  1
Cross-sectional properties of sections





RHS100×60×4 12.27 4.12 4.06 4.16
U30/60/30×4 4.27 3.98 ‒ ‒
For the material tests, four rectangular pieces were extracted from the webs of the tube 
as well as the channel section (Fig. 5). The destination shape of the specimens, according 
to  [22],  was  obtained  using  the  water  jet  cutting  method.  Tensile  tests  were  performed 
using the Zwick Z/100 machine (Fig. 6). Measured mechanical properties of the specimens, 
determined according to [22], are presented in Table 2.








 [MPa] ReL [MPa] Rm [MPa] E [MPa]
RHS100×60×4
S355J2H 402.63 372.23 528.45 203874.5
standard deviation 6.11 1.99 2.72 3992.38
U30/60/30×4
S355 407.11 392.47 545.96 189928.7
standard deviation 7.92 9.85 2.49 6398.23
4. Shear tests of joints
4.1.  Construction of test elements
The  experimental  tests  covered  six  identical  test  elements  subjected  to  axial  tension. 
Each  of  the  elements  was  composed  of  RHS100×60×4  and  two  branches  U30/60/30×4 








The BOM-R16-4  fasteners were  installed  in  drilled  holes with  a  nominal  diameter  of 
14  mm.  The  measurement  performed  before  installation  revealed  positive  deviations 
of diameters with values of up  to 9.5% of  the nominal diameter.  Installation of  the BOM 


























of  holes  and  also,  permanent  deformations  of  the  interconnected  walls  from  the  contact 
plane (Fig. 13). The specimens were unloaded at the deformation level v ≈ 15 mm (Fig. 12).
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mR  –  adjustment  coefficient  (calculations  were  performed  for  the  measured 
values).
The  results  of  the  statistical  evaluation  according  to  formulae  (1)–(5)  are  shown  
in Table 3.
T a b l e  3
Results of statistical evaluation for design resistanceFRd
FRm [kN] s [kN] k mR FRk [kN] gM FRd [kN]
54.59 1.37 2.18 1.0 51.61 1.25 41.3
For  the  measured  relationships  F ‒  v,  using  the  least  squares  method,  the  resulting 
analytical curve was determined of the form (Fig. 14):
 F e v= − −62 29 1 0 7391. ( )..    (6)
For  the  resulting  curve,  the  instantaneous  stiffness  kv  corresponding  to  deformation: 
v = 1  mm  –  assumed  as  an  upper  boundary  of  the  elastic  action  of  the  fastening,  and 
v = 3  mm  –  according  to  the  adopted  deformation  criterion,  were  developed  (Table  4, 
Fig. 14). Based on the obtained results, it may be concluded that due to the relatively high 
degradation of stiffness kv,  the  tested fastenings were strenuous at  the plastic  range at  the 
level of deformation v = 3 mm.
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Ta b l e  4





Fig. 15 shows  the bi-linear  relations F ‒ v determined for  the  tested connections with 
fasteners BOM-R16-4 and analogous connections with bolts M16 of grade 8.8. The bearing 
resistance  and  the  stiffness  of  the  bolted  connection  was  established  according  to  [25] 
(Table 5). As it can be seen, connections with BOM fasteners provide greater stiffness than
T a b l e  5
Design stiffness for connections with BOM fasteners  










does  not  include  a  possible  slip  in  the  fastening  (for  connections  with  BOM  fasteners, 
the  slip  does  not  occur  [21]).  However,  it  can  be  seen  that  design  bearing  resistance 
of the connections with BOM fasteners is noticeably smaller than those for bolted connections. 

































their flexural  buckling  (Fig.  20)  around  the  z  axis  of  the  built-up  cross-section  (Fig.  16). 
Figure 21 summarises the achieved relationships between the loaded axial force N and the 
Fig.  19.  Column  test  set-up:  a)  general  view;  b)  and  c)  arrangement  of  DTs  for 




lateral  deflection uy  (Fig.  21a)  or uz  (Fig.  21b),  i.e. measured  in  the xy plane  or xz plane 
(Fig. 16) at the mid-length of the column (Fig. 19c).
Fig.  20.  Typical failure model of tested columns








The value of  the Npl was  calculated based on  the  state of normal  stresses  in  the most 
strenuous point along the length of the tubular bar. The normal stresses were calculated as 
the sum of the residual stresses, in accordance with [27] and the stresses determined on the 
basis of  the strain gauge measurements. For each  test element,  the first yielding occurred 
in  the  walls  of  the  tubular  cross-section,  on  the  concave  side  of  the  deflected  (buckled) 
column, usually at  the axis of  the  joint which was  the nearest  to  the column’s mid-point. 
The measured values of forces Nult and Npl are summarised in Tables 6 and 7. For the group 






on  the values of  load Npl  (Table 7, Table 8), using equations  (1)  to  (6) –  in  the  formulae, 
symbol F was  replaced with  symbol N. The  calculation  results  are  presented  in Table  9. 
As can be  seen,  the achieved design buckling  resistance NRd  constitutes  approx. 185% of 
the buckling  resistance of  the  tubular bar only,  according  to  [28]  (Fig. 21a). At  the  same 
time,  the  calculated  resistance  NRd  constitutes  approx.  70%  of  the  buckling  resistance 
of the theoretical built-up column with equal lengths of the three perfectly rigid interconnected 
branches, according to [27] (Fig. 21a). It should be noted that for each tested element, shear 
forces  acting  in  the  joints  of  the  branches were  lower  than  the  design  bearing  resistance 
of those joints [21].
T a b l e  6
Ultimate load Nult for tested columns
Specimen Bz-1 Bz-2 Bz-3 Bz-4 Bz-5




T a b l e  7
Load Npl for tested columns
Specimen Bz-1 Bz-2 Bz-3 Bz-4 Bz-5





Ta b l e  8
Comparison of measured values of loads Nult and Npl
Specimen Bz-1 Bz-2 Bz-3 Bz-4 Bz-5
Ratio Nult/Npl 1.01 1.01 1.0 1.02 1.01
T a b l e  9
Results of statistical evaluation for the design buckling resistanceNRd
NRm [kN] s [kN] k μR NRk [kN] γM NRd [kN]



















–  describing lateral deflection of  the column axis (7)–(9) and the angle of  the inclination 
of the tangent to this axis (10)–(11)
 uy, ( ) ,0 0 0=   (7)
 u L u Ly i i y i i, ,( ) ( ),− =1   (8)
 u L uy m y, ( / ) ,2 =   (9)
 ′ = ′−u L u Ly i i y i i, ,( ) ( ),1   (10)
 ′ =u Ly m, ( / ) ;2 0   (11)
–  describing bending moments (12–13) and transverse forces (14–16)
 EI uz yRHS, , ( ) ,′′ =0 0 0   (12)
 ( ) ( ) ( ) sin (, , , ,2 1EI EI u L N u L a
L
L
w NU z z y i i y i i y






B i C iN, , ),+   (13)
 EI u L Nu L EI EI u Lz y y U z z yRHS RHS, , , , , ,( ) ( ) ( ) ( )′′′ + ′ = + ′′′0 1 0 1 1 1 12 + ′Nu Ly, ( ),1 1   (14)
( ) ( ) ) ) (, , , , ,2 21 1 1 1EI EI u L Nu L EI EIU z z y i i y i i U z+ ′′′ + ′ = +− −RHS RHS, , ,) ( ) ( ),z y i i y i iu L Nu L′′′ + ′   (15)
 ( ) ( / ) ( / ) ;, , , ,2 2 2 01EI EI u L Nu LU z z y m y m+ ′′′ + ′ =RHS   (16)
–  linking the values of deformations vi with the values of shear forces FB,i or FC,i, occurring 
in joints of the branches B and R (17) or C and R (18)
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7. Comparison of experimental and analytical results
The  calculations were  performed  in  three  variants: CW1, CW2  and CW3,  depending 
on  the  function  describing  the  boundary  conditions  in  the  joints  of  the  branches  adopted 
in the analytical solution (Fig. 23):
–  obtained  from  the  shear  tests:  nonlinear  C1  according  to  (6)  or  linear  C2  according 
to the bi-linear curve shown in Fig. 15,






The  amplitudes  of  the  initial  curvature  of  the  built-up  column  (ay)  were  taken  in 
calculations in such a way as to achieve the best possible fit of analytical and experimental 
curves. As can be seen (Fig. 24), the critical load for the perfectly straight column (ay = 0) 
calculated  in  variants  CW1  and CW2 was  smaller,  in many  cases,  than  the  value  of  the 
measured  axial  force N (Fig.  24a,  b,  c,  e).  The  best  approximation  of  the  experimental 
results provide curves CW3 for the amplitudes ay within the range from 0.48 mm (Fig. 24e) 
to 2.62 mm (Fig. 24d). The distinct behaviour of  the  test element Bz-3  (Fig. 24c) can be 

















Calculations  were  carried  out  up  to  the  moment  when  the  normal  stresses  in  any 
point  of  the  tube  cross-section  were  equal  to  the  upper  yield  strength  R
eH
  of  the  RHS  
material.
Form the performed parametric analysis it may be concluded that (see Fig. 26):














Fig.  24.  Comparison of N ‒ uy relationships measured and obtained in the analytical solution for test 
elements: a), b), c), d) and e) – Bz-1 to Bz-5, respectively
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–  the buckling resistance of  the column with U40/60/40×4 sections and only eight  joints 
(m  =  4)  of  the  branches  is  comparable  to  the  one,  calculated  for  the  column  with 
U30/60/30×4 sections and forty joints (m = 20),
–  the  carrying  capacity  of  the  column  with  U50/60/50×4  sections  and  eight  flexible 
joints  (m  =  4)  constitutes  approx.  102%  of  the  carrying  capacity  of  the  column with 
U30/60/30×4  sections  but  with  perfectly  rigid  joints  (e.g.  welded  connections  of  the 
branches),




  ratio)  of  the  strengthening 







A  four-stage  research  programme  including  experimental  and  theoretical  studies  was 
carried out.
The first  stage  of  the  programme  covered  the  shearing  tests  for  single-cut  joints with 
BOM-R16-4  fasteners  (six  test  elements).  The  tests  proved  that  the  tested  joints  exhibit 
structural properties that are similar to the properties for the joints with standard 8.8 grade 
M16  bolts. High  values  of  both  shear  and  bearing  resistance  as well  as  a  great  stiffness 
and  deformation  capacity  in  the  bearing constitute  advantages  over  other  popular  blind 
fasteners such as screws or rivets.




tested  columns was  noticeably  higher  than  that  for  the  tubular  bar  before  strengthening. 
At  the  same  time, due  to  the flexibility of  the  joints of  the branches,  the design buckling 
resistance of the tested columns was visibly lower than that calculated for the column with 
perfectly rigid joints.
Within  the  third  stage  of  the  programme,  validity  of  the  proposed  theoretical  model 
describing the behaviour of  the  tested columns was proved. However, attention should be 
paid  to  the simplifying assumptions made in  the analytical solution which limit  the scope 
of the applications of the model.




high price of  labour,  a major part of  the  strengthening cost has  a direct  relationship with 
the fabrication of connections of  the branches. Therefore,  it  is better  to save labour at  the 
expense of material – admission to only partial strenuous of strengthening branches.









bars  with  closed  rectangular  cross-section  and  strengthening  branches  with  open  cross- 
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